Uncontrolled activation of the alternative pathway of complement is thought to be associated with age-related macular degeneration (AMD). The alternative pathway is continuously activated in the fluid phase, and tissue surfaces require continuous complement inhibition to prevent spontaneous autologous tissue injury. Here, we examined the effects of oxidative stress on the ability of immortalized human retinal pigment epithelial cells (ARPE-19) to regulate complement activation on their cell surface. Combined treatment with H 2 O 2 (to induce oxidative stress) and complementsufficient serum was found to disrupt the barrier function of stable ARPE-19 monolayers as determined by transepithelial resistance (TER) measurements. Neither treatment alone had any effect. TER reduction was correlated with increased cell surface deposition of C3, and could be prevented by using C7-depleted serum, an essential component of the terminal complement pathway. Treatment with H 2 O 2 reduced surface expression of the complement inhibitors DAF, CD55, and CD59, and impaired regulation at the cell surface by factor H present within the serum. Combined treatment of the monolayers with H 2 O 2 and serum elicited polarized secretion of vascular epidermal growth factor (VEGF). Both, secretion of VEGF and TER reduction could be attenuated using either an alternative pathway inhibitor or by blocking VEGF receptor-1/2 signaling. Regarded together, these studies demonstrate that oxidative stress reduces regulation of complement on the surface of ARPE-19 cells, increasing complement activation. This sublytic activation results in VEGF release, which mediates disruption of the cell monolayer. These findings link oxidative stress, complement activation, and apical VEGF release, which have all been associated with the pathogenesis of AMD.
Age-related macular degeneration (AMD) 6 is the leading cause of blindness in the elderly (1) . Clinically, AMD is categorized as "dry" or "wet." In the dry form of the disease, deposits (drusen) develop between the retinal pigment epithelium (RPE) and the underlying basement membrane (Bruch's membrane). The loss of photoreceptor function and vision observed in patients is attributed to atrophic changes in the RPE (1, 2) . Wet AMD is characterized by choroidal neovascularization extending through Bruch's membrane and the RPE into the subretinal space. Subsequent leakage of exudative fluid and blood is thought to contribute to the eventual development of fibrosis characteristic of wet AMD. AMD is hypothesized to be a progressive disease, with the dry and wet forms likely representing different points on a spectrum of disease severity. Approximately 10 -15% of patients with the less severe dry AMD go on to develop wet AMD (1) .
Several observations suggest that uncontrolled activation of the complement cascade contributes to the development and progression of AMD. Polymorphisms in complement factor H, a circulating inhibitor of the alternative pathway of complement, are strongly associated with the development of AMD (3) (4) (5) (6) . Drusen-like lesions also develop in patients with dense deposit disease, a form of glomerulonephritis caused by dysregulation of the alternative pathway (7, 8) . Analysis of the composition of drusen demonstrates that they contain important complement proteins, including C3, C5, membrane attack complex (MAC), and endogenous complement regulatory proteins (7, 8) . Mice with a genetic deletion of factor H (cfh Ϫ/Ϫ mice) accumulate C3 throughout the RPE and the outer segment layer of the neuroretina, and lose visual function faster during aging than their wild type littermates (9) . Furthermore, in a murine model of laser-induced choroidal neovascularization, blockade of signaling by C3a and C5a reduced the production of VEGF in the eye and reduced neovascularization (10) . Taken together, these studies suggest that in AMD, inadequate control of the alternative pathway 1) contributes to the struc-tural changes observed in RPE and Bruch's membrane, including drusen formation; and 2) is upstream of VEGF-mediated mechanisms.
The alternative pathway of complement is continually activated in the fluid phase, and inadequate inhibition of this pathway on tissue surfaces may permit spontaneous complement activation with rapid amplification and generation of pro-inflammatory activation fragments (11) . In late-onset diseases such as AMD, local regulation of the alternative pathway may gradually be overwhelmed by cellular injury or the accumulation of debris (12, 13) . Several environmental factors contribute to a high level of oxidative stress at the RPE layer, and oxidative injury of the RPE cells may be an important cause of AMD (14) . Therefore, we hypothesized that oxidative stress may impair the ability of the RPE to regulate complement on its surface. In the intact adult human eye, only one cell surface complement inhibitor, membrane cofactor protein (MCP; CD46), has been identified on RPE cells (15) . In the current study, we investigated whether ARPE-19 cells express the three cell surface complement inhibitors, CD46, decay accelerating factor (DAF; CD55), and CD59; and whether oxidative stress of RPE cells in culture alters surface expression of the complement inhibitory proteins or reduces inhibition of the alternative pathway on the surface of the cells by factor H. Second, we tested the hypothesis that rather than causing cell lysis, sublytic activation of complement on RPE cells induces VEGF release by these cells, which is known to compromise barrier function. The goal of these studies was to construct a model whereby oxidative stress in the eye could be linked to the inflammatory events that cause AMD, including uncontrolled activation of complement.
MATERIALS AND METHODS
Reagents-The reagents used in these studies included pooled normal human serum (NHS (Quidel)) as a source of complement proteins. To prevent formation of the terminal complement pathway, C7-depleted serum was used (Quidel), and purified C7 (250 g/ml; Quidel) was added to the serum in some experiments. Primary antibodies to DAF (Chemicon International), CD59 (Chemicon International), MCP (Monosan), and C3 (ICN Pharmaceuticals) were used. Speciesspecific secondary antibodies were from Jackson ImmunoResearch and MP Biomedicals, Inc. To block the alternative pathway of complement activation, a targeted inhibitory protein (CR2-fH) was produced as previously described (16) . This agent targets the inhibitory domain of factor H to sites of C3d deposition and effectively blocks alternative pathway activation. To block cell surface complement inhibition by factor H, we used a protein referred to as recombinant factor H domains 19 -20 (rh-19 -20) (17) . This protein is a recombinant form of the 19th and 20th short consensus repeats of factor H and contains the polyanion and C3b-binding region, but not the N-terminal complement regulatory region of the full-length factor H protein. It competitively blocks interaction of native factor H with cell surfaces, thereby preventing regulation of complement activation and amplification by factor H on those surfaces. The VEGFR-1/2 inhibitor, SU5416 (Chemicon), was used to block the effects of VEGF. SU5416 (Z-3-[(2,4-dimethylpyrrol-5-yl)methylidenyl]-2-indolinone) is a lipophilic synthetic receptor tyrosine kinase inhibitor, which inhibits VEGFR-1/2 by binding to the ATP binding pocket within the kinase domain of the receptor. SU5416 has been shown to inhibit VEGF-dependent endothelial cell proliferation in vitro and in animal models.
Cell Culture System-These experiments were performed using ARPE-19 cells, a human retinal pigment epithelial cell line that displays the differentiated phenotype of RPE cells, and form a polarized monolayer on Transwell filters (Costar) (18, 19) . These cells were grown in Dulbecco's modified Eagle's medium, F12 (Invitrogen) with 10% fetal bovine serum, and 1ϫ penicillin/streptomycin. In some of the experiments the cells were grown as monolayers on Transwell filters. For those experiments, fetal bovine serum was removed completely for the final 5-7 days (2-3 media changes) prior to measurements, which we have previously shown does not alter survival or monolayer formation in these cells (20) . Transepithelial resistance (TER) of the cell monolayer on the Transwell filters was determined by measuring the resistance across the monolayer with an EVOM volt-ohmmeter (World Precision Instruments). The value for cell monolayers was determined by subtracting the TER for filters without cells and then multiplying by the surface area of the filters. Cell monolayers were considered stable when TER was repeatedly measured as ϳ40 -45 ⍀/cm 2 (20) . TER measurements, which are proportional to membrane permeability, are an accepted readout for the barrier function of an RPE monolayer (18, 20) . In parallel experiments, cells were grown on plates or glass slides for ϳ2 weeks after the cells reached confluence to mimic the conditions in the Transwell plates. Cells from these long-term cultures were used for flow cytometry (plates) or immunofluorescence microscopy (glass slides).
In Vitro Model of Oxidative Stress and Complement Activation-As a model of oxidative stress, stable ARPE-19 cell monolayers were treated with 0.5 mM of H 2 O 2 . It has previously been reported that doses of up to 1 mM are not cytotoxic, and do not lead to disruption of barrier function in these cells (21) . After treatment with H 2 O 2 , monolayers were exposed to 25% NHS as a source of complement proteins. In some experiments NHS was replaced with C7-deficient HS, or the complement system in NHS was inhibited by heat inactivation of NHS (30 min at 52°C) or by treatment with CR2-fH. VEGF effects through VEGFR-1/2 activation were inhibited by treating the cells with SU5416.
Flow Cytometry-Surface expression of the various complement regulatory proteins was examined by flow cytometry. ARPE-19 cells were grown in long-term cultures. The cells were released from the plates by treatment with Accutase (Innovative Cell Technologies, Inc.), washed in phosphate-buffered saline, and treated with H 2 O 2 or rH-19 -20 as described in the specific experiments. For complement activation experiments, the cells were then incubated in 10% NHS at 37°C for 1 h. Staining of surface proteins was performed by incubating the cells with primary antibody at 4°C for 1 h, followed by washing the cells in phosphate-buffered saline, and incubating them with appropriate secondary antibodies when necessary. Cells were then washed and resuspended in 500 l of phosphatebuffered saline, run on a FACSCalibur machine (BD Bio-sciences), and analyzed with CellQuest Pro software (BD Biosciences). Fluorescence was expressed in relative fluorescence units.
Immunofluorescence Microscopy-Surface expression of DAF and CD59 on ARPE-19 cells was examined by immunofluorescence microscopy. Cells were plated on glass coverslips and grown for 2 weeks after reaching confluence to generate polarized monolayers. After washing with phosphate-buffered saline, the cells were fixed and permeabilized by immersion in cold acetone/methanol (1:1) for 5 min. Nonspecific binding was blocked by treatment of the cells with Superblock (ScyTek Laboratories), followed by incubation with anti-DAF, anti-MCP, anti-CD59, or anti-Na ϩ K ϩ -ATPase antibodies (1:400 for 1 h at 4°C). The cells were washed, and then incubated with appropriate secondary antibody. As a negative control, primary antibodies were omitted. Staining of the cells was examined using a Nikon T-2000, inverted microscope equipped for confocal microscopy and analyzed with Slidebook 4.2 software (Intelligent Imaging Innovations). TUNEL (TdT-mediated dUTP nick-end labeling) staining of cells on Transwell filters was performed according to the protocol provided by the manufacturer (Roche Diagnostics) as published previously (22) . In short, monolayers were fixed in 2% paraformaldehyde for 2 h at 4°C followed by TUNEL labeling and DNA strand-break visualization with fluorescein.
ELISA for VEGF and C5b-9 Measurement-To measure production of VEGF by the cells, cell culture supernatants were concentrated (Amicon Ultra-4, 3000 Da cutoff; Millipore), solubilized in CellLytic MT (mammalian tissue lysis/extraction reagent; Sigma), and centrifuged at 20,000 ϫ g for 5 min. Microplates were coated with the VEGF capture antibody (Antigenix America, Inc.) and 100 l of the concentrated supernatant was added. The captured proteins were detected with the same VEGF-specific antibody conjugated to horseradish peroxidase, followed by development with the chromogenic substrate OPD (Sigma). Product development was assayed by measuring absorbance at 492 nm. Aliquots were assayed in duplicate, and values compared with a VEGF dose-response curve. To measure C5b-9 formed during complement activation, cell supernatants were diluted 1:10 and an ELISA for C5b-9 (Quidel) was performed according the manufacturer's instruction.
Western Blot Analysis-Cell culture supernatants were separated by electrophoresis on a 10% BisTris polyacrylamide gel (Invitrogen), and proteins were transferred to a nitrocellulose membrane. The membrane was probed with polyclonal antibody to C3 (ICN Pharmaceuticals) and antibody binding was visualized using a chemiluminescence detection kit (Amersham Biosciences).
Statistics-Data are expressed as mean Ϯ S.D. Statview software was used for statistical analysis. The Fisher protected least significant difference (PLSD) was used to compare trends over time. Comparison of two conditions was performed using the Student's t test.
RESULTS

Oxidative Stress Sensitizes RPE to Injury upon Exposure to
Serum-ARPE-19 cells were grown as monolayers on Transwell filters and TER was monitored until a stable value was achieved. TER of 40 -45 ⍀/cm 2 is the result of the establishment of an epithelial barrier function based on the formation of tight junctions. Changes in TER measurements can then be used to probe for barrier function integrity as an early marker for RPE injury. Exposure of the cells to 25% NHS (as a source of complement proteins) did not alter TER (Fig. 1A) . Likewise, exposure of the cells to 0.5 mM H 2 O 2 to induce oxidative stress did not significantly alter TER, confirming previous results by Bailey and co-workers (21) . However, treatment of the cells with 0.5 mM H 2 O 2 and 25% NHS together did cause a significant reduction in TER in a time-dependent manner (p Ͻ 0.01). Heat inactivation of the serum to deplete complement activity significantly attenuated the drop in TER induced by exposure of oxidatively stressed cells to serum (p Ͻ 0.01). To confirm that the effect of serum was due to complement activation and not some other heat-labile component, C7-depleted serum was used in place of complement-sufficient NHS (Fig. 1B) . As with heat inactivation, C7-depleted serum was found to be ineffective in reducing TER, indicating an important role for the membrane attack complex in reducing TER. Addition of purified C7 to the C7-depleted serum restored the ability of the serum to decrease TER, confirming that the lack of effect with the C7-depleted serum was due to the absence of this factor. Application of H 2 O 2 and serum to the apical surface caused a greater change in TER than application to the basal surface ( Fig. 1C ; p ϭ 0.02), indicating that the apical surface is more susceptible to complement-mediated injury after oxidative stress. Based on TUNEL staining, apoptotic cells were not observed with any of the treatment protocols, including the combined treatment of the cells with H 2 O 2 and serum (Fig. 1D) . To induce apoptosis in stable monolayers it was necessary to increase the H 2 O 2 concentration 10-fold. Thus, exposure of oxidatively stressed cells to serum impairs the barrier function of the cellular monolayer, but in this system the drop in TER is not due to direct cytotoxicity.
Oxidative Stress of RPE Permits Complement Activation on the Surface of the Cells When Exposed to Serum-We next sought to determine whether oxidative stress impairs the ability of ARPE-19 cells to regulate complement activation on their surface by performing flow cytometry to measure fixation of C3 activation fragments (such as C3b and C3d) to the cell surface as a marker of complement activation. We found that treatment of ARPE-19 cells with H 2 O 2 caused increased surface C3b/d staining even in the absence of exogenous complement proteins ( Fig. 2A) . The production and release of complement components by stressed or injured epithelial cells is well described (23) . Next, we examined the effects of oxidative stress on complement regulation by cells that are exposed to NHS as a source of complement. Exposure of the cells to 10% NHS for 1 h caused fixation of C3b/d on the cells, but levels of surface C3b/d were higher in cells treated with H 2 O 2 prior to exposure to serum (Fig. 2B ). This increase in surface C3b/d was concomitant with a drop in intact C3 levels in the supernatant (Fig. 2C) . Levels of intact (ϳ185 kDa) C3 were reduced by contact with cells previously treated with H 2 O 2 in a dose-dependent manner. In other words, oxidative stress of the cells caused increased consumption of intact C3 later added to the supernatant. An ELISA for C5b-9 in cell supernatants confirmed that detectable levels of MAC were formed when serum was exposed to oxidatively stressed cells, but not when the serum was exposed to unmanipulated cells (Fig. 2D) .
It has previously been shown that the expression of complement regulatory proteins may be reduced on apoptotic and necrotic cells (13) , which could account for the increase in C3b/d binding seen here. C3b/d deposition was compared in viable, apoptotic and necrotic populations identified by forward-scatter and side-scatter, as well as by staining with Annexin V and propidium iodide (data not shown). Increased C3b/d deposition after combined treatment with H 2 O 2 and serum was seen on a population of apoptotic and necrotic cells always present after release of the cells using enzymatic treatment. However, more importantly, surface C3b/d was increased on viable cells, indicating that complement deposition on oxidatively stressed ARPE-19 cells is a result of non-cytotoxic changes to the surface of the cells. The data in Fig. 2 are gated to show C3b/d deposition on viable cells.
Expression of Surface Complement Regulatory Proteins Is
Reduced during Oxidative Stress-It has previously been reported, based on immunohistochemistry, that human RPE cells express MCP, whereas DAF and CD59 could not be detected (15) . Here, we identified the presence of all three membrane-bound inhibitors on human ARPE-19 cells, using FACS analysis (Fig. 3) . Immunofluorescence microscopy was performed together with three-dimensional reconstruction to identify whether surface expression of DAF and CD59 are polarized (Fig. 4) . The apical side was verified by labeling with the apical marker Na ϩ K ϩ -ATPase. In unmanipulated, polarized monolayers, DAF and CD59 expression was concentrated on both the apical and basolateral sides; the antibody against CD46 was found to be unsuitable for immunofluorescence.
Complement activation on oxidatively stressed ARPE-19 cells could be a result of increased local concentrations of complement proteins or activating proteases (11) . Alternatively, we hypothesized that reduced surface levels of complement regulatory proteins could account for increased complement acti- (Fig. 3, A and D) to ϳ70% of those seen on unmanipulated cells (p Ͻ 0.001); whereas surface levels of MCP did not detectably change on the cells after treatment with H 2 O 2 (Fig. 3B) . Measurement of CD59 on unmanipulated cells revealed high and low expressing populations of cells (Fig. 3C) . Treatment with H 2 O 2 caused a downward shift in surface CD59 in the high-, but not the lowexpressing population of cells. Mean CD59 expression for all cells fell to ϳ60% of those on unmanipulated cells ( Fig. 3D ; p Ͻ 0.001). Mechanistically, DAF accelerates the decay of C3 convertases and reduces cleavage of C3 by the classical and alternative pathway of C3 convertases, so reduced levels of DAF are consistent with the observed increases in surface C3b/d deposition (Fig. 2) . To further explore this relationship, cells were treated with H 2 O 2 and exposed to serum, stained for both DAF and C3b/d, and examined by FACS analysis. The cells were gated on whether they expressed high or low levels of DAF. C3b/d deposition on the low DAF cells was ϳ2.5-fold higher than that on the high DAF cells (Fig.  3E) . CD59 inhibits formation of MAC on cell surfaces, but does not inhibit cleavage of C3. As shown in Fig. 1B Fig. 2 , exposure of cells to 10% serum alone leads to C3b/d deposition on the cell surface. The addition of 50 g of rH-19 -20 per ml of serum caused an increase in the amount of C3b/d deposited on the surface of the cells (Fig. 5A) . The mean fluorescence with rH-19 -20 was on average 40% higher than that in cells without rH-19 -20 (n ϭ 3, p Ͻ 0.05). These results indicate that under normal conditions, serum-derived factor H limits complement activation on the cell surface of ARPE-19 cells.
As indicated above, treatment of the cells with H 2 O 2 prior to exposing the cells to serum caused increased C3b/d deposition. In the cells that were pretreated with H 2 O 2 , however, addition of rH-19 -20 did not cause a significant further increase in C3b/d deposition on the cells upon serum exposure (the increase was 11%, n ϭ 3, p ϭ n.s.; Fig. 5B) . Therefore, factor H, which controls complement activation and amplification on the surface of unmanipulated cells (Fig. 5 ), appears to not be able to compensate for the reduction of membrane-bound regulators that was observed in the cells subjected to oxidative stress (Fig. 3) .
Complement Activation on Oxidatively Stressed ARPE-19 Cells Induces Secretion of VEGF, and VEGF Contributes to Disruption of the ARPE-19
Monolayer-VEGF-mediated choroidal neovascularization contributes to injury in AMD, and the RPE layer has been identified as an important site of VEGF production and secretion (25) . Previous work has demonstrated that biologi- Representative results from at least three independent experiments are shown, and data are gated to show the results for viable cells only. C, cells were treated for 1 h with varying doses of H 2 O 2 , washed, and then exposed to serum. Western blot analysis of C3 in the supernatant confirmed that intact C3 (ϳ185 kDa) in the serum was consumed to a greater degree after exposure to the oxidatively stressed cells. The lower molecular weight bands were not seen when probed with control serum, and may represent C3 cleavage fragments or nonspecific binding of the anti-C3 antibody to other proteins in the supernatant. D, ELISA of C5b-9 levels in cell supernatants confirmed that complement was activated and MAC was formed when oxidatively stressed cells were exposed to serum, but not when unmanipulated cells were exposed to serum. *, p Ͻ 0.05.
cally active complement activation fragments induce the production of VEGF in an animal model of AMD (10) . A previous study using t-butyl hydrogen peroxide as a source of oxidative stress demonstrated that this oxidant by itself induces a modest increase in the production and secretion of VEGF by ARPE-19 cells (26) .
To determine the effect of oxidative stress and complement activation on VEGF secretion, VEGF levels were measured in the supernatants of ARPE-19 cells by ELISA. Consistent with previous reports by Kannan and co-workers (26) for ARPE-19 cells and by Blaauwgeers and co-workers (27) for differentiated human RPE cells, basal secretion of VEGF by unmanipulated RPE monolayers was higher than apical secretion (Fig. 6A) . VEGF secretion was not altered consistently by H 2 O 2 or NHS when applied individually to the apical chamber. However, coadministering H 2 O 2 and NHS to the apical surface resulted in an ϳ100-fold increase in apical VEGF secretion and a ϳ50-fold increase in basal secretion. The maximum apical secretion in response to apical stimulation with H 2 O 2 and NHS was ϳ500 pg/ml of VEGF (Fig. 6A) . Addition of CR2-fH or SU5416 prevented the H 2 O 2 and NHS-induced VEGF release. When C7-depleted serum was used in this experiment the cells did not secrete VEGF. If C7 was added to the C7-depleted serum prior to exposure to the cells, however, the cells did secrete VEGF, confirming that formation of MAC on the oxidatively stressed cells is necessary for VEGF production in this system.
If the drop in TER by oxidatively stressed ARPE-19 cell monolayers exposed to NHS was dependent on complementmediated release of VEGF, then inhibiting the alternative pathway of complement with a recombinant targeted form of factor H (CR2-fH) or blocking VEGF receptor signaling with SU5416 should prevent the drop in TER. Both inhibitors were found to significantly reduce the combined effect of H 2 O 2 and NHS on TER (Fig. 6, panels B and C) , suggesting that alternative pathway activation and VEGF receptor signaling both contribute to disruption of the cell monolayer.
Together these results indicate that complement activation on RPE cells induces secretion of VEGF by the cells. The experiments utilizing the SU5416 inhibitor revealed that VEGF triggers an autocrine feedback-loop resulting in VEGF-mediated VEGF secretion. In vivo, this feedback-loop would allow sustained VEGF release to occur at the site of inflammation. This released VEGF could promote subsequent loss of RPE barrier property, choroidal angiogenesis, and the development of CNV. Complement activation and downstream VEGF production appear to be critical to the disruption of the ARPE-19 monolayer.
DISCUSSION
Our results demonstrate that oxidative stress impedes the ability of RPE cells to control activation of the complement system on their surface. ARPE-19 cells express membrane-associated complement inhibitors DAF, MCP, and CD59. Using rH-19 -20, we also demonstrated that the fluid phase complement inhibitor factor H is functionally important for controlling complement activation on the surface of ARPE-19 cells. In oxidatively stressed cells, the surface levels of DAF and CD59 were reduced and the contribution of factor H to complement A, following 4 h of apical treatment, both apical and basal supernatants were removed and analyzed for VEGF content. At baseline, VEGF secretion is polarized, with increased secretion into the basal compartment. H 2 O 2 and serum alone had no consistent effect on VEGF secretion, whereas H 2 O 2 ϩ serum together resulted in a significant increase in VEGF release. This increase showed a reversed polarity in comparison to the basal secretion, with increased secretion into the apical compartment. H 2 O 2 ϩ serum-mediated VEGF release can be inhibited by blocking either the alternative pathway of complement (CR2-fH) or VEGF receptor signaling (SU5416). VEGF was not secreted when C7-depleted serum was applied to oxidatively stressed cells, but was secreted when the C7-depleted serum was reconstituted with purified C7, demonstrating that MAC formation is involved with VEGF secretion by these cells. Data are expressed as mean Ϯ S.D. (n ϭ 3-6 per condition). B and C, treatment with H 2 O 2 and serum caused a reduction in TER after 4 h. Co-administration of CR2-fH (an alternative pathway inhibitor) prevented the decline in TER, as did the addition of a VEGF-receptor-1/2 antagonist (SU5416). Statistical comparisons refer to no treatment versus H 2 O 2 ϩ serum; and C7-depleted serum versus C7-depleted serum plus purified C7. *, p Ͻ 0.05; **, p Ͻ 0.01.
inhibition was less evident. These changes were associated with increased complement activation on the cell surface, as documented by increased C3b/d deposition, and resulted in the impairment of the barrier function of the RPE monolayer. Reduction in barrier function was not associated with cell loss due to cytotoxicity, but rather with secretion of VEGF, a cytokine that has been implicated in the disruption of RPE barrier function. Impairment of the barrier function was equivalently prevented by treating the cells with an alternative pathway of complement inhibitor or with an inhibitor of VEGF signaling. This suggests that, in the RPE monolayers, complement activation is not in itself cytolytic, but that complement-induced VEGF acts in an autocrine fashion to disrupt the epithelial tight junctions.
The alternative pathway of complement is continuously activated in the fluid phase, and tissue surfaces require continuous complement inhibition to prevent spontaneous autologous cell injury (11) . The observed decrease in DAF surface expression, the relative decrease in surface inhibition by factor H, and release of C3 by the oxidatively stressed ARPE-19 cells may all foster complement activation on the cell surface. In addition, the reduction in CD59 would allow increased MAC assembly, which was found to be essential for the H 2 O 2 and serum-induced drop in TER. Treatment of the cells with H 2 O 2 appeared to cause a relative and an absolute decrease in the ability of factor H in the serum to control C3 conversion at the cell surface. This may be due to reduced interaction of factor H with the surface of oxidatively stressed cells, or factor H may not be able to compensate for reduced inhibition by DAF and increased C3 production. Finally, it may also be possible that factor H interacts with the oxidatively stressed cells through an additional domain other than short consensus repeats 19 -20, which would affect the efficiency of rH-19 -20 as a factor H cell surface competitor.
Polymorphisms in complement regulatory proteins, specifically factor H, are strongly associated with the development of AMD (3) (4) (5) (6) , and interruption of the complement system ameliorates injury in animal models of AMD (28) . Structure-function analysis of a common AMD-associated polymorphism of factor H has demonstrated that the protein product of the disease-associated polymorphism shows reduced binding to glycosaminoglycans (29) . It is not clear why the retina is the specific site of injury in patients carrying these polymorphisms or what acquired events contribute to retinal complement activation. However, as the complement cascade is continuously activated at a low level in the eye (30) , perhaps there is a heightened need for tight regulation by complement inhibitors to prevent autologous tissue injury at this location. Any impairment in complement regulation could thus produce complement-mediated inflammation. Based upon our findings, we propose that the continual oxidative stress in the RPE layer may promote complement activation by reducing expression of DAF and CD59 on affected cells, by reducing surface inhibition by factor H, and by stimulating the cells to produce C3. Furthermore, lipofuscin products of RPE cell photooxidation may also activate complement directly (31) . Thus, oxidative stress of the RPE layer may create a microenvironment that is rich in activating surfaces, but has a relative paucity of complement inhibitory proteins.
In addition, our results suggest that defects in complement inhibitors other than factor H may also be involved in AMD. Polymorphisms in DAF and CD59 have not yet been reported as risk factors for this disease, but our data would indicate that defective surface DAF or CD59 function would exacerbate complement-mediated inflammation on the RPE surface. However, the expression of multiple inhibitory proteins by RPE cells does seem to offer some redundancy. A detailed understanding of how this system of complement inhibition is gradually overwhelmed during the development of AMD will require further studies of animal models and human tissues at various stages of the disease. Such studies should help to confirm whether the mechanisms we have identified are engaged in the intact eye during disease development.
Other published studies with this same cell type have demonstrated that chemically induced oxidative stress by itself causes the ARPE-19 cell monolayers to increase the release of VEGF both apically and basally by ϳ8-and 6-fold, respectively (26) . However, as those experiments included 1% fetal bovine serum, it is plausible that in addition to the said authors' proposed mechanism involving hypoxia-inducible factor-1 signaling, the t-butyl hydrogen peroxide used in their protocol might result in complement activation. Complement activation fragments, in turn, may have then mediated VEGF secretion by the cells. In our experiments oxidative stress induced by H 2 O 2 was sufficient by itself to cause C3 deposition on the cells, but it did not consistently increase VEGF secretion. On the other hand, oxidative stress together with exposure to complement-sufficient serum increased basal and apical VEGF secretion ϳ50-and 100-fold, respectively. The apical concentration after 4 h was found to be ϳ500 pg/ml of VEGF, which we have shown corresponds to the EC 50 for TER reduction after apical VEGF application for these cells (20) . It is unlikely that products in the serum, other than complement proteins, provided signals necessary for VEGF secretion by the cells under the conditions presented, as VEGF secretion could be completely prevented by alternative pathway inhibition. VEGF secretion, itself, mediated further VEGF production by the cells in an autocrine fashion. A similar autocrine effect, which would allow for sustained VEGF release, has previously been observed for VEGF-189 (32) .
Our data lend further support to the idea that complement activation induces production of VEGF, and that complement inhibition may prevent VEGF-mediated injury as seen in choroidal neovascularization. Several therapeutic complement inhibitors are being developed for clinical use. Furthermore, reduced expression of complement regulatory proteins may be a general response of the RPE to various types of mechanical, chemical, and infectious stress. It is possible, therefore, that similar events may occur in many types of retinal injury, and that complement inhibition may be an effective therapeutic option for retinal diseases other than AMD.
Culture models are attractive for their simplicity, but are limited by their lack of tissue complexity. Our experiments revealed that apical exposure of RPE monolayers to oxidative stress and serum was more effective in compromising RPE barrier function than basal exposure. However, the application of serum to the cells exposes them to the entire complement system. In vivo, it is possible that the passage of large molecular weight complement proteins from the circulation toward the RPE layer will be unequal or that some of the complement components may be generated by the RPE or retina (33) . Similarly, complement-mediated injury of oxidatively stressed RPE cells might only occur after other insults permit access of the large complement proteins into the restricted environment of the apical RPE. Thus to date, it is unclear which complement components are required for AMD pathogenesis, or whether the components are systemically derived or locally produced. Histological experiments have not provided insight, as complement proteins can be found to accumulate either on the basal side of the RPE in drusen (1) or the apical side in the outer segment layer (cfh Ϫ/Ϫ mouse (9)). Finally, whereas our experiments do not address the issue of chronic exposure to oxidative stress and complement activation as probably experienced in AMD, we carefully selected sublytic, non-cytotoxic levels of stimulation. Indeed, in preliminary studies we have shown that daily treatment of ARPE-19 cell monolayers with this low level of oxidative stress together with complement activation does not induce cell death over a 2-week time course, but permanently reduced TER, arguably representing a good model for chronic stress. 7 In conclusion, a growing body of evidence indicates that uncontrolled activation of the alternative pathway of complement contributes to the development and progression of AMD. Our findings provide a mechanism whereby oxidative stress of RPE cells, phenotypically alters them such that their regulation of the complement system is reduced. Once activated, the complement system generates several biologically active fragments and induces the RPE cells to secrete VEGF, another molecule implicated in the pathogenesis of AMD. These findings provide a link between aseptic insults that occur in the eye and a pathogenic immune response. Our findings also support recent findings that suggest that complement activation is a proximal event in the development of AMD, occurring upstream of pathologic VEGF production. Therapeutic complement inhibitors may, therefore, prevent the formation of several pathogenic factors and slow the progression of AMD.
